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PIEZOELECTRIC FORCE SENSING APPARATUS 
AND METHODS FOR BIOPOLYMER SEQUENCING 

Ra/^lfgiyiiifiH fif fhft Tnvftntiop 

5 1 . FieW of the Invention 

The present invration relates to m^ods and s^Tparatus for the 
sequencing of biopolymers and for <tetennining the mass of molecules and 
maciomolecules, and paiticulaily to iBrgiet scale biopolymer sequencing and mass 
detenninations in parallel. More spedfically, die present invention relates to 

10 sequencing of nucleic adds and pnitdns using an iqparatus conqirising cme or 
more piezoelectfic force sensing elements in an dectric or magnetic field. 
2, DesCTq>tk)n of the Background 

Iheprincq^leUapolyntersc^ a cell are polynucleotides such as the 
nudek; adds DNA and RNA, polypeptides such as protdns and some hormones, 

15 and polysaccharides sudi as sarches and mucus. These tfnee polymers constitute 
over 80% of a cell's dry wdgbt and are involved in all major cellular processes 
and reactions. Many of these biopolymers comprise thousands to mfflions of 
atoms linked together in precisely defined spatial arrangements, each 
arrangement carrying specific informatk>n incorporated in its structure. This 

20 mformatioo constrlutcsaseriesof bk*«kal messages used to instruct the ceU on 
how to condua metabolism and how to intmct with odier cells and molecules. 
Dctaminmg the rncrfecubr structure of these biopolymers is an important stq) 
understanding most microWological processes and numerous methods for 
deierminirjg flie smicture rf bodi protdns and nuddc adds have b 

25 Conventional techniques for accuratdy determining polymer 

structure typk:ally involves s<Mne form of dectrophoresis. In electrophoresis, 
migration idies upon the loigth dependence of drift for spedfic polymers in a 
semi-solid. Exarrq)les of electrophoresis techmques include agarose gel 
electrophoreds, polyaciylamkie gd eloctrc^horesis and pulsed fidd gd 

30 electrophoreds. When a biopolymer is subjected to an dectric field in a 
hydrogd matrix, such as agarose or acrylamide. its mobility is pnsportional to 
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the latio of net chaxiee to frictkmal coeffident. This relationdiip permits the use 
dectr[q>boiesi& to obtain information about relative chaise for molecules of the 
same size and sbq)e or about xdativedze for nK)lecules of the same The 
most common use of electrophoresis is the sqsaration or qualitative analysis of 

5 m ixtuies based on the sizes and shapes of individual components. 
Electrophoiesis is a powafiil and practical, but unfortunately, limited techniipie. 
The resolution, speed and accuxacy of electrophoresis degrade as the size of the 
biopolymer increases until the technique become totally useless at about SOO 
million Dattons. Beyond this size, the drift rate for diffefent Iragth btopcdymers 

10 is weakly varying and diffusion causes a band broadening in hydrogel supports. 
In spite of even long electrofdioresis times, results are still inadequate. 

Conventional solid siqjporu for eleccrc^>lioresis makes a 
quantitative analysis of mobility of the biopolymer in a semi-solid. Some 
supports such as thin-layer ceDulose and cdhitose acetate interact non-qiedfically 

IS with macromolecular solutes which comprise the semi-solid. Others, such as 
polyacrylamide, agarose and ion-exchange paper retard the motions of ceitain 
tnopolymers relative to one anothn*. In conventional electrophoresis, the natural 
size of the gel pores are ordm of magnitude smaller than the size of biopolymer 
being analyzed. As a consequoioe, in all such supports, the biopolymo- to be 

20 analyzed is forced to trace a toituous path through the support medium which 
obscures Che relationshq> l>^een the observed net mobility and the actual 
molecular roobilicy. Tte size mobility relationshq> is further complicated by 
interacticMis of tibe Copolymer with the siqipcHt. A solid support for 
electrcf^r^ic arudysis of biQpolymers, comprising migration paths of known 

25 dimensions, is still unavailable. In spite of these limitations, the molecular 
analysisofbiopolymers has advanced oonsidefatdy. Some of the most significant 
advances have occurred in sequmcing nucleic acids and proteins. 

Conventional nucleic acid sequencing can be performed dther 
enzymaticaUy and chemically. Although very different in princqile, these two 
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methods aie similar in that both generate populations of oligonucleotides that 
begin from a fixed point and temiinate at a predetermined base. Resulting 
oligonucleotides have lengths which r^iesent at most every residue of the 
original nucleic add. Once populations of oligonucleotides are resolved by 

S length, the order of nucleotides along the nucleic acid can be determined. Other 
medKxls for nucleic acid sequendng include mass spectrom^iy. sequencing by 
hybridization (SBH) and atomic force micioscopy. In mass spectrometiy, 
sequence lengths are read by detennining the charge-mass ratio of an ionized 
portion of Che nucleic acid. Initial equipment oo^ is very high and die process 

10 lequiiesthetaleotsof numerous skilled personnel. In SBH, a target sequence is 
hybridized to aplurality of probes with known or determinable sequences and the 
nucleic acid sequence d^ermined from the pattern of hybri<fization. In 
sequencing by atomic force nucroscc^y (AFM), an image of nucleic acid is 
formed by a diaip probe as it scans ov^ a surface coated with nucleic acids. 

15 The sequence of the nucleic acid is detennined based on the length of the 
oligonucleotide and on size of the base's side chain. Only one nucleotide may 
be analyzed at a time and labor costs tead to be high. 

Conventional protein sequencing, although distinct from nuddc 
add secpicodng, is based on some of the saine priiiciples. For example, Bdman 

20 degradatioo is a chemical m^hod wbmby a protein is rcpczxcdiy subjected to a 
series of dpgradative chemical reacticms. In the Bdman process, a protein is 
exposed to pbraylisotfaiocyanate whidi covalently binds to a free amino group 
at an amino tmninus of the polypq>tide. The complex is then exposed to an 
anhydrous add whicfa splits off Ae N-tenninal residue as a phmyltfaiocartMunoyl- 

25 amnio add, leaving the test of the chain intact. The phenylthiocarbamoyl-amino 
add at eadi step is cycled to the corresponding pbenylthiohydantoin derivative 
and analyzed, usually by gas-liquid chromatognq>by, to determine its identity. 
The remaining pqtide, which is shorter by one amino acid, is subjected to 
repeated reactions uittil every amino add of the peptide has been detennined. 
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Cunent technology is limited to the analysis of about 20 residues per day. 
Consequentiy. a feiily small piotein of about 100 residues may require two 
weeks of skilled labor and expensive equipment to prepare and sequence. This 
process is sdn too expensive and too slow for routine or large scale sequencing. 

5 Each of the methods cunenUy available for sequencing of 

biopolymeis have properties that make them less than optimal for sequence 
determimition. The operational cost of currenUy available methods are high 
because due to the lequiiemeots for skilled labor, expensive equipment, 
radioactive, fhioiesoent or hazaidous chemkads. and exteosi^ 

10 procedures. Moreover, most of there methods sequence in a oae-by-one fashion, 
not practical for large scale sequencing, 
g-wimaty of flw Ynvwitinn 

Hie present inventton overoomes the problems and disadvantages 
associated with current strategies and designs and provides novel apparatus and 

15 mediods for the molecular analysis ofbiopolymerstnicture by piezoelectric force 

sensing. 

One embodimem of the invention is directed to a piezoelectric 
foree sensing apparatus (PPSA). The apparatus comprises a phiraltty of 
cantilevers to which are attached targets such as biopolymers or biopolymer 
20 ftagmeats. CantBeven are prwkled with means, such as piezoelectric elements 
or capadtive seosora. to monitor the amount of stress on the cantUevers which 
maybehiduoedbymechankalorelectromagnedcmeans. Mechanical stress may 
be compresskxi, deflection, extension or torque. Electromagnetk: stress may be 
the appUcatko of voltage, cairent, magnetism, electric fields or electromagnetic 
25 waves. The aroourt of stress, manifested as a defkjction or distortion on the 
cantilever, is directly measurable by the piezoelectric elements or capadtive 
sensors. The PFSA may also comprise positive or negative referoice elemrats. 
Positive lefcrenoe dements comprise piezoelectric elements attached to a moiety 
of known size, charge or mass. Negative or control reference elements comprise 
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piezoelectric elemrats without attachments. The use of reference elements 
provides an internal d^ector of field strength as well as an internal control in 
piezoelectric force sensing. 

Anc^er rabodiment of the invention is directed to methods for 
5 analyzing targets such as p(dypeptides, pdysaocharides and polynucleotides using 
piezoelectric force sensing. Targets or target fragments to be analyzed are 
attached to a force sensing iqqwatus. Attached targets are subjected to an 
electric or magnetic fvM which generates a resultant force detectable by die 
qsparatus. IkHce information detmruned firom the multiple 
10 is collected and the structure of the target determined. 

Another embodiment of the invmtim is directed to the detection, 
isolation and quantitation of the mass of a target. A target to be analyzed is 
attached to an osdllating piezoelectric elemcot and caused to oscillate 
electrically. Tbc mass of the target is detenntned by measuring the frequency 
15 response and the resonance frequency of the piezoelectric element. From mass 
determinations, the target can be isolated and accurately quantitated. 

Another embodiment of the invention is directed to methods for 
sequencing targets such as nucl^ acids with piezoelectric force sensing arrays. 
Nucldc add sequencing is typicaUy used in medidne and medical diagnosis, in 
20 commerce, in ctefeose and in formsic qyplications. Nucleic adds are isolated 
foHn a saiiq>le and ftagmented, leplicated or directly analyzed. The sequence is 
determined and can be conqsared to known ruicldc add sequences or to standard 
sequences fcM- accurate diagnosis of diseases or other disorders, for identification 
purposes in defense or commerce, or in forensic applications. 
25 Another embodiment ofthe invention is du«CBd to arrays aiid kits 

used in piezoelectric force senmg sequoidng. Arrays comprise single- or 
double-stranded nucleic adds, peptides or other polym«s utilized to capture 
tnopolymers or othergmefEunlitate piezoelectric force s« Kits 
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comprise anays of probes, enzymes, buffers and additional reagents and 
solutions for detennining sequence information by piezoelectric force sensing. 

Another embodiment of the invration is directed to methods for 
measuring target mass using resonance frequency. A small mass or target alt^ 
5 the resonance frequency of a solid, such as a piezoelectric biomoiph, to which 
it is connected at all modes of vibration. As die ratio between the first and 
second harmonic is fixed, measurement of the first mode of vibratim, or 
harmonic, serves as a reference for the second. Target mass is measured by 
comparing resonance frequences before and after attachment, or by analyriog 
10 tihe harmonics of an attached target. This method is indq)endent of temperature, 
calibration and fabrication quality or measuring techni<pte. 

Other embodiments and advantages of the invention are set forth, 
in part, in the description which follows and, in part, will be obvious finom this 
descrq>tion and may be learned from practice of the invention. 

15 

Hgure 1 A force sensing nucldc acid sequencer. 

Figure 2 A cantilever for use in a force sensing nucleic acid sequencer. 

20 DftSfaiprinn of the Tnvmtimi 

As embodied and broadly described herdn, the present invention 
is cfirected to m^hods and apparatus for detmnining the molecular structure of 
targets using piezoelectric force sensing and to arrays and kits which can be used 
in such methods and aiq>aratus. 

25 Structure determination such as sequencing, on both a large and 

small scale, is critical to many aspects of medicine, agriculture and biology in 
general such as, for example, in the identification, analysis or diagnosis of 
diseases and disorders, and in d^omining relationstups between living 
organisms. Conventional sequencing relies on a unit-by-unit ideottftcaiion of a 
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bic^lymer sequence using electn^fioiesis in a semi-solid such as a hydiogel 
ie.g. agarose, polyacrylamide or starch). Although attempts have been made to 
automate polyacrylamide gel electrophoresis analysis, considerable mamial 
manipulation is still required for prqxuing the gel, loading the bic^lymer and 
5 analyang the sequencing infonnation. 

Sequ^ice analysis of biopolymm by piezoelectric force sensiqg 
pnyvides a fundamentally distinct means to determine sequence information. 
Sequences are identified collectively in groups and can be analyzed in parallel 
and ooatimiously. Chips can be specifically designed to function and to operate 
10 in parallel arrays. This allows for the simultaneous sequencing of multqde 
regions of a biQpolymer or a mixture of biopolymers from a angle sample. 
These techniques arc fester and more efficient than conventional techniques and, 
as such, more accurate. Multiple analyses can be performed quiddy and the 
results rq)eated and confirmed. 
IS Rapid sequencing has many ai^lications in basic research and 

medicine, and in national defense. Organisms with useful characteristics such 
as cydic hydrocarbon metab<dism may be compl^ly genetically diaracterized. 
In medicine, sequencing of the geiwme of a patient can identify disease genes 
prior to the appearaiK:e of symptoms. Furthermore, an outbreak of a pathogen 
20 sud) as, for example, Ebola virus, can be quickly identified and coofinned and 
tbe infected patient or populatkm contained. In oaticmal defense, the oonqiarison 
of sequences ftom a si?q^ftH biologkal war£ue agent with a database of such 
agents allows for the re^id dqjloyment of effective treatment and measures to 
prevent harmful effects. Piezoelectric force sCTsing is broadly ly^licable to 
25 many targets and does not lecpiire specific chemicals, enrymes or labels to 
perform. The process is much faster than conventional procedures, higldy 
accurate and easily automated and computerized. 

One embodiment of the invention is directed to a method for 
determining the molecular structure of a target such as its size, charge, mass, 
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composition, or sequence by piezoelectric force seosiog. Taig^ or tzigst 
fragments are attached to piezodectric elemmts in a die etemMt. Tbe 
piezoelectric element may be almost any shape. To facilitate multiple paiallel 
roeasutements, a plurality of piezoelectric elements may be attached to one 
S substrate to form a die. Substrates may comprise PMOS (p<hannel metal oxide 
semicMductor) or NMOS (n-channel metal oxide semicozuiuctors) materials. 
Hie ideal substrate is a nonconductive material which does not interfere with 
dectromagoetic foioe fields. In a die, pluiality of piezoelectric elements may be 
attached to tbe substrates in one, two or three dimmsions. The attachment of 

10 only a small pcmion of tbe jnezodectiic elemeat to die ^bstrate may increase the 
sensitivity of the force sensing apparatus. 

A target to be tested is attached to another pan of the piezoelectric 
elemenL Ibe attached taiget can be labeled such that an applied electric field or 
magnetic fidd produces a force on the biopolymer. Suitable labeb include, for 

IS exanq)ie, an electric charge or a paramagn^, a diamagnetic or ferromagnetic 
moiety. When an ctoccnc or a magnetic fince field is i^lied to the biopolymer, 
a force, prDportional to the cfaaiige or magnetian of the label is generated. The 
4)|dted force field stresses and caitses a d^ection in the piezoelectric elemoit. 
As the piezoeJectric element is deflected, a restoring force is generated 

20 p r opo rti onal to the deflection. Deflection continues under the force field untfl 
equilibrium, that is until the restoring force is equal to the applied foroe. At 
equilibrium, the stress causes a electric charge differential to accumulate on 
opposite sides of the piezoelectric element The charge differential is 
pm p oi ti oua l to stress, which in turn is proportional to the charge or the magnetic 

25 moment on the biopolymer. Voltages can be measured by attaching conductors 
to opposite odes of the piezoelectric element. 

Piezoelectricity is electricity or electric polarity, which results 
from the q)plicatkxi of mechanical pressure on a polar dielectric, or electrically 
non-conductive, or semiccmductive substance. Sidistances which exbibxts 
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piezoelectric effects include cenunics. crystals, polymers, plastics and 
semiconductors. Some pie««lectric substances are member of more than one 
eroap. Forexample,apiezoelectric«ystalmayalsobeasemiconductor. n« 

application of mechanical stress to piezoelectric substances pioduces an electnc 
5 polarization (or electric dipole moment per unit volume) proportional to the 
stress. ifthepiezoelectricelementUisolated.thispolarizationmanifeststtseIf 

a voltage across the eleoem and if the suifeccs are comiected by a co«^ 
aflowofdiaigecanbeobsen«lak«giheco«luctorduringst«ess. Convasdy. 
appUcation of a votage between cemin to of a pi«odectric demert 
10 a mechanical distortion of the demem. TTusredpiocalidationship 

voltage and st««sbiefe«ed to as the piezoelectric effect. The phenomena of 
genenrtion of a voltage under mechanical stress Is referred to as the duect 
piezoelectric effect and the mechanical strain produced in the crystal under 
etoricstressiscalledthecoaversepiezodectriceffect. Materials whid. shows 
15 a piezodectric effect indude, for example, tounnaline. ammonium dihydrogen 
phosphate, ethyleoediamine tartrate, barium titanate. quartz, potassium or sodium 

tartrate and zinc oxide. 

The piezodectric effect can be explained, at least in part, for 
lekuivdysinqile piezodectric dements sudi as zind>teK^^ In zind,tende. 

20 every zinc ion is positivdy duuged and located in the center of a regular 
tetnd«dron of foor sulphur ions of opposite dttrge. When zind>lende is 
subjected to a shear stress, some edges of the tetrahednm are dongated whUe 
o*er edges are shortened. As the edges of the tetrahedron become different in 
length the zinc ion is displaced and this movemem gives rise to a electric dip^ 
25 moment. Tl« dipole moments arising from different repetitive uniu of the 
rincbtende add up because aU have the saine orientation. Thenrfore. a condition 
for the piezodectric effect is the absence of a center of symmetry in the crystal 
structure of an dement. Of the 21 crystals dasses which lack a center of 
syoimelry, all are piezoelectric with the exception of one. 
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The PFSA die for measuiement in an electric fleid may also be 
used for measurements in a magnetic field. A magnetic PFSA die can have a 
minimal amount or be free of paramagiwtic and f^romagnetic materials. 
Materials which are not substantially influenced by magnetic fields such as 
5 CGpper, lead« quartz, siiiccme, sodium chloride may be used in constniction of 
the die. A magnetic field may be generated by a permanent magnetic or by an 
electiomagnet It is &iriy straight ficnwaid to reach 10 to 20 iriinga«yfs in an imn 
magnet, and up to 60 to 80 kilogauss in a superconducting magnet. For 
flexibility in measuremeots, the magnetic field can be adjusted as desired. 
10 Adjustments to the field strength may be performed by changing the Hiiyrflw^ 
between the piezoelectric die and the magnrt, by changing the current or voltage 
applied to the electromagnetic, or by qsplying magnetic shidding between the die 
and the magnet. 

^>plication of a electric or magnetic field to a piezoelectric 
IS element may also generate stress and produce a voltage on the surface of the 
dement. This electric or magnetic field effect can be measured on a PFSA die 
in the absence of an attaciied taiget. The mea^red field effect can then be taken 
into account in the calculations for wei^, mass and magnetism. 

While any piezoelectric element of any sba^ is suitable for the 
20 PFSA, the p r ef erred dement is a inezoelectric faamoiph. A piezoelectric bimotph 
oonqmses at least one and preferably two piezoelectric plates attached in such a 
way that an dpg^oi voltage causes one to expand and the other to contract. The 
bimoqA will bend in proportion to an ai^lied voltage and pressure Bpphcd to a 
bimoiph will genmte a voltage. The voltage generated is usually propoitional 
25 to thenumberof laymof piezodectricdemenL Bimoiphs can be generaed by, 
for example, nucromachiniog lo fobricate a piezoelectric film <ki top of a silicon 
cantilever beam. Piezoelectric film may be formed from any piezoelectric 
chemical such as zinc oxide. The zinc oxide and silicon bimoij^ may be 
generated using current isemiconductor integrated circuh syntheas technology. 
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The effectivettcss of a piezoelectric element in converting electrical energy into 
mechanical work, and conversely, conveiting mechanical woric into electrical 
eneigy, is a function of its constniction. Fdr example, for a zinc oxide-silicon 
piezoelectric bimozph cantilever, the efficiency is a function of the piezodectric 
S coiqiling fector, the thidcness ratio and the elastic compliance ratio betwera the 
noo-piezodectric and piezoelectric material conqmsing the binMnph. The 
sensitivity of the piezoelectric bimorph in the system for measurement is 
increased if the biopolymer is attacted to the free end of the fdezoelectric 
cantilever. 

10 The die can be made of any material which allows an iqypropriate 

amoumofelectiomagnetic isolation of individual dements. Suitable substances 
for the construction of the die include oon-conductors and semiconductors and, 
as such, may be integrated drcuits induding dups and wafers compriang 
pluralities of cantilevers. A plurality of cantilevers may be attached to the die 

15 for in<Uvidual measurements. While the cantilevers may be of any shape, a 
simple shape is preferred for their predictable response to stress during 
measurcmem. Examples of simple shape with predictable behavior inchide 
elongated cairtilevers with a constant cross section, or a with constant 

thickness. The measurement dements, such as the piczodectric cantilevers, may 

20 all be of uniform size and shape to simplify mutt^le measurcmmts. 
Alternatively, cantilevers may be utilized in a range of sizes and shapes to 
measure targets with diverse charge, magnetian or mass. 

Cantilevers effective for force detection may be fabricated in a 
variety of shapes, posidoos and arrangements. For example, cantilevers may be 

25 of an eloQgalBd shape, such as straight ^planer) or tilted (angled), with a constant 
or variable cross section. Cantilevers may also be of a planar sh^ of constant 
or variable thidmess. If the cantilever is a bimorph, the t hidaie ss of one or both 
of tiie layers may be constant or variable. The cantilevers may also comprise a 
protective coatirtg to inhibit oxidation, rust, corrosi<m and chemical reactions 
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with the taigecs or the solutkxis comprising the taiget. Other complex shapes 
may be used for the cantilevers such as cunres, spirals* helixes and angles. The 
piezoelectric element may form the cantilever or, alternatively, the piezoelectric 
element may comprise only a part of the cantilever. A cantilever may also 
S comprise one or more discr^ or interconnected elements. These piezoelectric 
elements may be electrically and mechanically isolated from one another or they 
may be linked electrically or mechanically. The piezoelectric elements may also 
form layers, strands, particles or lattices as part of the cantilever and each 
dement may be sqsarately connected to each other element or to the measuring 
10 device. 

In a FFSA die, a plurality of electrically aixi magnetically isolated 
piezodectric elements may be adjacently attached and each element may be 
connected throu^ conductors and programmable multq>lexers to a digital 
vottmeter. Afler the electric or magnetic field is zpp^cd^ each individual 
15 inezoelectric element is addressed through a multiplexer and the voltage on each 
dement individually measured. As such, measurements can be determined in a 
microscale. 

Dies for the PFSA may further comprise magnetic, electric or 
mechanicai scabilizeis, or oombinafions of such stabilizers. Magnetic and dectric 

20 stabilizers may be passive or active. Passive stabilizers included shielding and 
ground planes, cqxacitors, inductors and resistors. Active stabilizers include 
diodes, transistors, transient suppressors and electrcnnagnetic interference filters. 
Mechanical stabilize include active or pasrive suspension and clamping units 
which may conqmse springs, shock absorbm, friction and oil damping units. 

25 Chemical staUlizers include coatings to prevent oxidation, moisture absorptions, 
reduction or sublimation, or to reduce static electricity. 

Polymer-die coa:q)lexes are placed in a measuremat chamber 
which does not have an initial intenial electric or magn^c field. The diamber 
nuiy be electromagnetically shielded from ext^nal fields to reduce background 
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noise and thereby increase the accuracy of measurements. Static electricity and 
charged paxticles are removed fitwn the chamber by proper grounding of all 
equipmmt Initial measuranoits sucb as sqiaratton distance and response to 
^>plied voltage are d^ermined on each piezoelectric member through the 
5 multiplier to detmnine that each member is performing to ^)ecification. 
Measurements can be repeated at timely intervals to insure that the q^watus has 
warmed np and is stable. The direction and the streogdi of the field may be 
a^usted to detennine the optimal measuremcmpaiametos. Devices to monitor 
oqmimemal paiam^ers such as solid state.tfaeimometers and hydrom^ers may 
10 also be incoipoiated into the PFSA chip as a primary or a secondary 
measurement method to monitor experimental methods. 

An electric or magmstic fidd can be applied chh^ 
or to individual piezoelectric cantilevers. The mass of the attached target or 
target fragment can be deduced from the vohage generated by the deflected 
15 cantilever, the amourt of deflection as sensed by the ca^^ 

the voltage needed to restore tiic piezoelectric cantilever to zero deflertion. 
During measurement, tfie temperature of die die and tiie chamber can be adjusted 
to be witiiin operating limits of die apparatus. Data generated can be aored, for 
example, in a coovuterworic station, as hard copies OT in dectronicf^ Work 
20 stations can be optimized for high througlqwt sequencing. 

Eadi target will have a characteristic force or mass which can be 
determined. The mass ofcach target or firagmcnt can be computed, for example, 
by any one of three measurements and tiie separate and independent 
measurements used to confirm the oUier mettiods. The PFSA may also be 
25 calfeiatedby the mcasuremem of targets of known mass. The formula for the 
mass, d^ection and v<rttage relationshq) is listed in equation 1. The 
computation may be performed on site or, ahemativdy, to decrease cost or allow 
for portability, measurement and data collection equqnnent may be assmbled in 
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one site and the data stored and forwarded by oonveotkxial means to a central she 
for analysis. 

Reference measurement elements positioned near the point of 
actual measurement may be utilized to keep interference from q^pearing as a 
S normal leadinig. Fbr example, an unexpected change in the electric or magnetic 
field during measurement may affect the refeneoce and the measur^nent elements 
equally. If the voltage measuremeot is directed to the difference between Che 
reference and measuremem elements, tlie change in electric or magnetic fieid 
may not significantly affect the output. The pair of signals, from the reference 

10 and the measurement electrodes is measured and the voltage difference recorded. 
An amplifier may be used to amplify the electric dgoal b^ore measurement. 
Suitable amplifiers may be a differential ampHfter having a high ir^t 
impedance, good rejection of conmiott-niode interference and preferably low- 
Doise-vc^tage and low-drift widi a stabk acgustable output offset added. Because 

IS the iiq>ut is multiplexed and a number of cantilevers are measured in quick 
succesacm, tfie amplifi^ may also have good high frequency performance in the 
nuige of kilohertz to megahertz to gigahertz. Any degradation of high frequency 
reqxxise may be negated as nmch as possible by active compmsation through 
positive feedback. The response of the measurement device may be enhanced by 

20 placing the amplifier and measurement donee as dose as possible to the PFS A 
die. 

The multiplexer and the amplifier may be micromachined as an 
integral part of the PFSA die. Additional diectronic devices which may be 
integrated into the PFSA die include an analog to digital converter and 
25 operational amfriifiers. To maintain a stable operatiiig temperature, the 
measurement chamber may be tempraature controlled and« in addition, the PFSA 
die may be bonded to coils which cany a heating or cooling fluid or gas. The 
PFSA die may also be optionally bonded to objects with a large thermal cq»city 
to reduce the rate of tenq)erature fluctuation. 
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The electric field may be measured by precise voltage 
measurement of the conductors applying the field. Magnetic fields may be 
measured by a Hall effect magnetometer, a flip coil magnetometer, a nuclear 
magnetic resonance magnetom^r, a flux gate magnetometer or a 

5 superconducting quantum interference device (SQUID). 

For piezoelectric force sensing to be pnuitically ai^lied to target 
analysis, movement of the cantilevers needs to be sensitively and accurately 
measured. One sensitive method for measurerooit of deflections and 
displacements is to use a capacitive tnmsducer. To produce a capadtive 

10 transducer on the PFSA die, two adjacent regions, one on the piezoelectric 
element and one on the substrate are coated with a conductor to form a capacitor. 
The conductor may be electrically isolated fitrni the piezodectric element with 
an insulator. The formed capacitor is connected to a multiplexer so it can be 
connected to external measuring devices. The conductor, insulator and 

15 connectors may be micromaduned onto the PFSA die. By making the capacitor 
part <rf'a resonant circuit or by uang a high frequency alternating current brieve, 
very small changes m position may be measured. A number of methods may be 
implemented to determine the dtflec^n (Horowitz and Hill, The Art of 
Eieanmcs, HamilUHi Prindr^ Conqany, Rensselaer, NY, 1989). For example, 

20 the ca^adtor may be charged through a reastor with a first bias voltage. The 
diange m caqxbdlance due to detection can ^ 

output openuional amplifi^ made from low noise field effect transistors. To 
ini(»ove senativ^ and linearity, the low inq)edaiioe output may be biased before 
it is read with a sensitive analog to digital converter or voltmeter. The digital 
25 output of the voltage is then sent to the central processing unit for analysis. 

T^jgets which can be analyzed include polymm such as plastics, 
petroleum products, synthetic polymers aiwi the like, and natural, recombinant 
or synthetic molecules or macromolecules including biopolymers such as nucleic 
acids (e.g. DNA, FNA), protdns, lipids, polysaccharides and biopolymer 
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hotnologs such as FNA. Taigets may also be particles such as molecules, 
macromolecules, supramolecules, viiuses, cells and whole tissues. Depending 
on the size of the target and the capabilities of the sensing q)paratus, the fim 
step in structure determination using piezoelectric force sensing can be 
5 fragmenting the targ^ into sizes which can be easily analyzed. Fragments of 
polymers are typically between about S to about 1,000 monomers in leogth, 
preferably between about 10 to about 500 monomers, and mors preferably 
b^ween about 25 to about 100 monomers in length. However^ a very wide 
variety of leogths may be quickly and accurately amdyzed. F6r example, one of 

10 ordinary skill in the art could easily analyze fragmmts of nucleic acids less than 
about 5 bases^ and greater than about 1,000 bases, and fragments of proteins less 
than about S amino acids and greater than about 100 amino acids in length. 
Fragments can be generated cnzy m a t ically, mechanically or chemically. Most 
methods produce noospedfic fragments over a range of sizes depending only on 

15 the haxshness of the fragmentaticm process. Ahemativdy, q>ecific iiagmem sizes 
can be created if, for example, convenient enzymes Qt.g. nucleases, proteases, 
hydrolases, peptidases) and other cleavage sites are available. Modifications to 
the biopcriymers may be removed by glycosidase and phosphcMases. 
Alternatively, arrays of detectors may be used to detect patterns of fence and 

20 those patterns analyzed to detmnine the structure of the target. This is 
particularly useful with regard to particles such as cells. 

Targ^ may be attached to the die intact or fragmrated into 
multiple fragments which are subsequently attached to the die. For example, 
fragments of DNA can be created using polymoase chain reaction (PGR) 

25 eksqgation or partial endoouctease or exonuckase digestion. Fragmmts may also 
be created by r^licating a target nucleic acid in the presence of modified or 
unmodified nucleotides, or nucleotides conqmsing boron or a mixture of each 
type of nucleotide. Digestion of the boronated target with exonuclease m 
produces a nested set of fragmmts. Fragmmts of proteins can be created by 
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including humans, environmental or nucnrtHal sources, or from pa^logkal 
samples. Preferably, target biopolymers are polypeptides, polynucdeotides or 
polysaccharides and may be linear, hnuKJhed or paiticu^^ Polynudeotides, 
such as DNA, RNA. polynucleotide amides (e.g, polymers of 2- 
5 aminoethylglycine), and modified polyamides {eg. polytUoamides, 
polysulphinamide, polysulphonamide), comprise the bases purines, pyriraidines 
and purine and pyrimidine derivatives and modifications, which are linearty 
linked to a chemk»l backbone. Modifications of nucleic add may include 
mctijylatioo and phospborytatiro. Common chemical backbone structures arc 
10 deoxyribose pho^)hate, ribose phosphate, and pdyamide. The purines of botii 
DNA and FNA are adenine (A) and guanine (G). Others that are known to exist 
include inoane, xandime, t^poxanthine, 2,6-diaminopurine, and other modified 
bases. Tbe pyrimidines are cytoase (Q, which is common to both DNA and 
RNA, uracil (U) found iwcdominantly in RNA, and thymidine (T) which occurs 
15 almost excludvdy in DNA. Some of the more atypical pyrimidines include 
methyk:ytosine, hydroxymcthylH^ytosine, methyluradl, hydroxymediyluradl. 
dihydroxypentyluracil, and other base modifications. These bases interact in a 
complanentaiy fashion to fom base-pairs, such as. for example, guanine with 
cytosine and adenine widi thymidine. There may also be non-traditional base 
20 pairing sudi as Hoogsteen base pairing whidi has been identified in certain tRN A 
molecules and triple hdix structures. 

polypeptides cooqirise amino add residues including the a-amino 
adds whkA have an amino group (NHj) and a carfooxy lie group (COjH) attached 
to the same carixm. There arc a great many naturaHy occurririg amino adds and 
25 amino acid derivatives which diffier in side chain structure. In Cact, there are 
over 300 naluraUy or synthedcaflyrnocfifiedainirio acids (Fasman, CRC Practical 
Handbook ofBiochemUtry and Molecular Biology, CRC Press. Cleveland OH, 
1990). Amino acids can be grouped into the alq^hatic amino acids including 
glydne (Gly), (Ala), valine (Val), leucine (Leu), and isoleudne die), the 
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afomadc amino acids including phenylalanine (Phe), tyrosine CTyr), tryptophan 

(Tip), the alq>hatic hydroxyl amino acids including serine (Ser), and threonine 

(Thr), the basic amino adds inchiding lysine (Lys), arginine (Aig), and histidine 

(His), the acidic amino adds induding aspartate (Asp) and glutamate (Glu), and 

5 the amide side ctein amino adds including asparagine (Asn) and glutamine 

(Gin), the sulfur containing amino adds inchiding cy^ine (Cys) and Methionine 

^et) and piolir^ (Pro) and alanine (Ala) which has a secondary amino gtwp. 

These amino adds may also be modified by natural or aitificia] means. Typical 

modifications of amino adds indude glycosylation, methylatioo, and 

10 phosphorylation. 

Atenate types of target Kopolymers that may be sequenced using 

piezoelectric force sendng nidude lipids, fatty adds and man-made biopolymers 
such as peptide nuddc acids and peptides of nonprotdn origin. Nonprotein 
peptides usually differ structurally from those derived from proteins. For 

15 example, the ti^ieptide ^utalhione, found in all ceUs of higher anhnals contams 
a glutamic acid residue jouwd in an unusual pgifide linkage involving its Y- 
carboxyl rather than the a-<auboxyl gnn^. Other examples of nonprotein 
peptides include the muscle dSpepddc cainosme, tte antibiotic tyrocidin A, 
gramiddm, and valinomydn, and the hormones oxytocin, vasopressin, 

20 bradykinin and thyrotropic rdeasnig factor. 

Targets may be labeled with d^ectaUe labels such as, for 
example, a radioactive or luminescent moiety or a charged or magnetic or 
paramagnetic moiety. Alternatively , labds may be an inhcrem property of the 
target, such as the charge of a nucleotide, or a detectable moiety attached to the 

25 targeL Targets may also be labded b^nt^'^n*^ ^ 

to cause a charge, or an ion to develop on the target. Labeled moirties are 
detected armihaneously <»- sequential^ with the piezoelectric force sensing. For 
exaiiq>le, using cysteines as labels for protein sequCTcing, aU the cystdnes may 
be labeled with a radioactive moiety through thrir sulfhydryl groups. After 
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sequence determinatxcm by FFSA, thebiopolymens with cysteines can be ^f^^rted 
by contacting the FFSA die to a radiation d^ecton This additional sequence 
information may be used to confinn or to help deteimine protein sequence. 

Anoth^ embodiment of the invention is directed to a piezoelectric 
S force senapg apparatus. Such an i^ipaiatus is dqncted in Figure 1 as biopolym^ 
sequencer 100. This apparatus comprises a target sequencer work station 110 
and at least one FFSA die 120. Taig^ sequencer work station 110 and at least 
one FFSA die 120 are connected via lines 150. 

Target sequencer wc^ station 110 comprises a comp u ter 102, a 

10 modem 104, and a FFSA int^fice 106. Tuget sequencer work station 110 may 
also comprise a printer, oscilloscope, plotter etc. for di^laying charts and 
graphs, for example. Compute 102 may be any type of computer such as 
mainftame, work stations, microprocessors, personal computer, dedicated 
computer hardware, or a supercomputer. Computer 102 may comprise a 

IS multiple computers working in parallel or a single machine comprising paraUel 
processors. In addition, dedicated hardware processors designed for FFSA 
calculation may also be used. Computer 102 may also comprise means for data 
storage such as, for example, magnetic, optical, or s^niconductor memory. 

FFSA die 120 conqnises cmtiol eleccionics unit 108, control lines 

20 112, and cantilever 114 all provided on a FMOS substrate 122 (Figure 2). 
Control electroiucs unit 108 comprises drivers 116 and a multq>lexer 118. 
Multiplex^ 118 may have a range of b^een about four to one to about 1024 
to 1 or greats and may be uni-directional or bi-direcdonal. Control lines 112 
connect cantilever 114 to control electronics unit 108. Cantilever 114 may 

25 comprises an array of cantilevers, each conq[>rising its own piezodectric force 
sensing element or plurality of elements that are controlled by controlled by one 
or more electronics units 108. In one embodiment, the array may comprise an 
airayof 16 by 16 elenmits, or 256, iricfividuaDy addressable eleniCTts. For more 
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seoshive uses, a lai^r number of elements may be used, such as 128 x 128 or 
256 X 256 or 1024 x 1024. Many other array sizes may also be used. 

The PFSAcfie may be reused after a measurement. For example, 
the attached taiget may be removed chemically or enzymatically dq)ending on 
S the nature of the attachment. Disulfide attadimmts are removed under reducing 
conditions* and most protein bonds can be released under denaturing conditions. 
The die can be washed with an add or basic solution to fiiither rmove non- 
specific binding. If the tai^gets were removed with min i m al disruption of the 
attachmoit moiety, the die can be used immediately. If the removal method 
10 destroyed the site of target attachment, a new attachment moiety has to be 
reattached before the die can be reused. The washing of the PFSA die does not 
have to be compile. Before reuse the die may be p]aced in the measurement 
chamber and each caittilevar may be tested and any residual charge or magnrtism 
can be recorded. Tins backgnwnd charge or rnagnetism can be subtracted from 
15 subsequent measurements. Alternatively, the die may be constnicted of an 
inexpensive material such as siUcon and safely disposed of after one or only a 
few uses. 

Attachment of the targrt and the measurement of charge, 
rnagnetism or mass may also be perfOTroed at diffwent times. The target may be 
20 attached to the PFSA die in the field or in a clinic and mailed under suitable 
protection to a central processing center for measuremeitt. After measuremeat 

and processing, tiie central processirig center may clean and reuse the die. 

Cantilevw 114 is dq)icted in greater detail in Figure 2. PMOS 

substrate 122 serves as the base for the cantilever structure. On top of PMOS 
25 substrate 122 is a grounded capadtive sensing plate 124. Space 126 sq>arates 
grounded capadtive sensir^g plate 124 from a beam capadtive sensing plate 128. 
Space 126 is provided by a support structure 130. On top of beam c^citi ve 
sensing plate 128 is a PZT bimwph 132, 
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Cantilever 114 may be made as follows: PMOS substrate 122 is 
fabricated. Piezodectric layers (ciq>acitive sensing plates 124 and 128 and 
bimoiph 132) are applied to FKfOS substrate 122. Piezoelectric layers can be 
deposited by micromachining. 

5 PFSAtaxset sequencer 100 may operate as follows: Rrst, at least 

one target sequence 140 is attached to cantilever 114. Because each PFSA die 
120 may have a plurality of caitfilevers 114, muttq>le tBig&L seque nc es may be 
attached to PFSA die 120, each target sequence being attached to one cantilever 
114. CantUever 114 and tatget sequence 140 are placed in the presence of an 

10 electric or magnetic field 142. In the pxesence of electric or magnetic field 142, 
taiget sequence 140 generates a force on cantilever 114. A measurable c^iposite 
force 144 is then applied by control electronics unit 108 via control lines 110. 
Opposite force 144 may be sensed and input to bic^lymer sequencer woric 
station 102. As described later, oppo^ force 144 indicates die length of targ^ 

IS sequence 140. The data finom the PFSA may be stored In a data storage medium 
in woik station 102 fird and analyzed at a later time. Alteniativ^y , woric stmion 
102 may transmit the data to another computer for analysis. Off site data 
analysis may reduce the cost and the bulk of a PFSA system and allow the 
constniction of portable PFSA systems. 

20 The electric field may be generated by placing the piezoelectric 

element with the attached target between two omductors carrying opposite 
charges. The conductors may be induced to carry oi^site charges by 
attachment to a power supply with an adjustable voltage. The voltage of the 
power aipply, and hence the charge on the conductor may be controlled by 

25 conqMiter woric station 102. Omductors may also be mounted on adjustable 
mounts so that the disfamr may be varied either by manual or by computer 
control. The sb^ of the conductors may be varied depending on the type of 
EMF field desired. For ciamplt^ the conductors may be two parallel plates for 
the generation of a uniform electric field, two c^jposing pins for the generation 
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Of a field Which varies With dislance fhm. the 

a«l a pandld plate to generate a field which varies with one axis, but is co«s^ 
in another axis, m separation distance of the two conductors may be variable, 
so that the movement of the piezoelectric element causes a change in the EMF 
5 to the element. EMF appUed to the pieroelectric element may be adjusted by 
changing the voltage or altering the separation of the two conducton. cither 

manually or automatically by cranputCT. 

To cootiol the generation of corona, arcing and electric wind, the 
field strength supplied by the electrical conductors cmb be monitoied «>d 
10 controUed. To prevent the charging of particles by the electric field for non- 
aq«x»s samples or aqueous samples that arc stable when dried. measurem«^ 
nuiy be taken in vacuum or, od^rwise. In substantianyparticalate.ftee air. A 

vacuum may be achieved by performing the measurements in a chamber 
evacuated of air with one or more vacuum pumps. A combination of low 
15 vacumn pumps and high vacuum pumps attached to the reaction chamber may be 
used to establish and maiirtain a pressure of. for example, l(r' toir or less. A 
completely or substantially paiticulate-f ree air eoviromncm may be achieved by 
filtering the air around the measurement site or by flushing the measuremert 
chamber with particulate-fiee air. 

TypicaUy, electrical and mechanical instnimcnts are allowed to 
reach a stable opeiating temperature. A stable operating temperature may range 
from near absolute zero (-273'C) for superconducting magnets to room 
ttanpeiature or to over lOO-C. Prefeably. operation temperatures are at or near 
nxm. tempeianire although different parts of the PFS A may require different 
25 operating tempenmwss. IHsriodk measurements of control samples CM 

to insure there is no drifting of the readings or breach of the electromagnetic 

shielding. Cooling or heating of the measurement area may be applied to 
muntain an equipment within opeating limits. Instrumentation may be shielded 
from external electromagnetic influence such as capacitive coupling, magnetic 



20 
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coupUng and radio ftequeocy coupling to increase consistency and accuracy of 
measurcmeots. Also, electrical cabling can be shielded electrically as weU as 
magnetically. Movement of conductors under electric or magnetic fields 
generates a current within die conductor. TlierBfore. after the electric field is 

5 appUed, movement of die PFSA die can be kept to a minimum. Any induced 
current can be compensated for during the data analysis. Alternatively, 
measurements may be performed under a uniform electric or magnetic field 
which requires no movement of the die. Measurements can also be made after 
movement has ceased and the induced current has subsided. 

10 Laigdiofatarget,suchasabiopolymer, isdirecdyrelatedtotbe 

amount of force each biopolymer sequence appUes in response to an electric or 
magnetic field. Tlierefore. in a preferred embodiment, the length of the 
biopolymer is determined by sens'mg the force that the sequence applies in 
response to an electric or magnetic field. In general, multiple biopolymeis are 
15 analyied in paralld to increase tiuougl^ and speed of the analyas and because 
the multiple measurcmedt may be used to statisticaUy improve the accuracy of 
the method. 

Hie qjparanis of Figure 1 may be used in a preferred embodimem 
to deiennine the force and, tfms, length and identity of the various sequences in 
20 the biopolymer fragments. A protein which shows high specificity and affinity 
to anotiier mcdecule sudi as strc^tavidin to biotin, monoclcmal and polyclcmal 
axttibodies to antigen, or ceU adhesion molecules may be covalenUy attached to 
a microspot on tiie surface of cantilever 114. Streptavidin and biotin are 
paiticubrty suitable. Preferably, streptavidin is attached to each dement of die 

25 piezoelectric amy. 

After streptavidin has been attached to cantilever 114, cantilever 
114 may be contacted to the nested bi<^lymer fragments. In tiiis manner, die 
<fiffeient fragments attach to the strq)tavidin on cantilever 114. One array may 
be used for the biopolymera of one reaction or the biqpolymers from multiple 
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related or luuelated sequeooes may be placed on one cfaq>. Additionally, tnultiirie 
candleveis 114 may be used for each reaction to ensure that each of the lengths 
in the noixtuie attadies to at least me clement on one cantilever. Instead of using 
streptavidin, tfie sequences may be directly attached to cantilever 114. The 
S cantilever may be derivatized chemically for the covalent attachment of 
biomolecules. 

As depicted in Figuxe 1, once the lengtlis are attached to cantilever 
114, cantilever 114 is subjected to an electric or magnetic field. The sequence 
140 geMiates a force resulting in a deflection on cantilever 114 equal to the 

10 product of the charge of one electron per, for example, nucleotide base, the 
number of bases, and the electric or magnetic field. This deflection, y, is 
depicted m Figure 1. OotXAiitiy in the FMOS substrate qip^ 
voltage to the piezoelectric cantilever 114 and removes the deflection. The 
amount of initial d^ection and the removal of deflection may be monitored on 

15 the capadtivesensix^ {dates 124 and 128. The electric or magnetic field and the 
restoring voltage may be appSod and measured at steady state or transiently. For 
the measuiement, bodi the electric or magnetic field and the iq>ptied voltage may 
be varied. 

The deflection is related to the force generated by the sequences 

20 by the electric field and the voltage applied to the piezoelectric cantilever 

substrate. The following equation rq)resents this rdationshq>: 

When the deflection is mnoved, y=0. and then this equation 
Y = AF + BV {equation 1) 

reduces to: 




F (equation 2) 
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Because the force, F« is equal to the product of the electric field 
OE), the chaige of an dectnm (1 e-)« and the number of polymer monomers such 
as nucleotides of DNA in the sequence (n), this equation becomes: 



(e-) {equation 3) 



The electric field, E, and the chaige of an electnm, e- aie known. 
5 Therefore, by measuring the voltage sppUed, the numb^ of nucleotides in the 
sequence is then known. Measuring the voltage applied may be performed using 
equations expressed in the following matrix: 
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(equation 4) 



a s slope at end of cantilever 114 
10 & s deflection at end 
V ^ displaced volume 
Q = duuge 

Sj, = elastic compliance 
s dielectric constant 
IS t = beam to ground spacing 
w ~ bimorph width 



M = momoit at end of cantilever 114 
F « force at end 
P = uniform load 
V an>lied voltage 
d„ = piezoelectric co^cient 
kji = coupling coefficient 
h « bimorph height 
L « bimorph length 



Voltage measuranents using equation 4 may be analyzed with 



bicpolymer sequencer work nation 110 and particulariy computer 102. Target 
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sequencer woric statioa coUects all of the data generated by cantilevers 114 and, 
thus, amasses the data into the lengths present in each cantilever anay. The 
taiget sequence may be identified with the knowledge of Ae lengths of the targets 
using algorithms commonly used in the analysis of traditional sequencing data. 
5 For example, the data from a PFSA analysis can be analyzed u«ng the same 
method as die analysis ofaDNA sequencing gd. Taiget sequendng u^g PFSA 
may begin by looking for the shoitest length and building the sequence identity 
with longer and longer leogttis. 

Target sequencing can be peifonned in dtber direction along a 
10 particular taigeL The original sequence may be detennined by performing the 
inverse operation, the complement operation or both. The qiedfic operation 
depends on the attachment site {e.g. 5'-; 3'-; N-tenninal; C-terminal) and the 
method of ladder generatkm {eg. polymerase elongation or chraucal 
d^iadation). A common limitation shared by all methods of nucleic add 
15 sequendng is the inability to detenniite the identity of the last base Hiiscanbe 
oracome by sequOTcing the amiplcoraitaxy strand, by sequendng overlapping 
stents or by ligating a known nucleic add to one end. These techniques are 
weU-known to those of ordinary skiD in the art and many are described in 
Current Proiocob in Molecular Biology (Eds., F.M. Ausubel ct al., Wiley 

20 Intcrscience, 1989). 

Anodier embodiment of the invention is directed to a m^hod for 
diagoosmg a disease or a pathogen by the presence or absence of a characteristic 
taiga. The target can be isolated from a sample subjected to contain a pathp^ 
or the isolated pathogen may be analyzed direcdy. Targets may be proteins. 

25 nucleic adds, fatty adds, oils or any material spedfic to the disonie^ Samples 
may be otrtained from animals such as bodily fluids or tissues, plants such as 
biomass or enviionmenlal sources such as bodies of water or soil. Samplesmay 
also be obtained from food sources to detea possible co n ta min a t ion by harmful 
parasite, bacteria or virus. If for example, die detection method is by nucldc 
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acid sequencing, the sample may be treated to remove proteins and lipids by 
protease treatment followed by phenol and/or chloroform extraction. The 
remaining nucleic acid may be sequenced using a primer spGoRc for pathogen 
sequence. Alternatively, the isolated sample may be amplified by polymerase 
S chain reaction. The resultant DNA is attached to the FFSA chip and analyzed. 
Sequence inform^on or sequence Imgth is determined and compared to a 
database with se q uence information from known pathogens for identification. 
This method is particularly useful for the detection of patfiogens with multqile 
substrains indudit^ bacteria su^ as mycoplasma aixl viruses such as the human 

10 inununodeficiettcy viruses (HIV), the huinan papillomaviruses (HPV) and the 
hepatrds viruses. A knowledge of the particular sub^rain is useful to determine 
the course of treatment as well as for epidemiological and public health studies. 

Molecular analysis of targets has a great many practical utilities. 
F6r example, targets may be analyzed for forensic purposes swh as in the 

IS identification of evidence, in the placement of individuals at crime scenes or in 
ccmnectiiig or reconstructing crimes. T^ugets induding nucleic acids and proteins 
can be isolated, sequenced and compared to other targets from other samples or 
to refmtice libraries to identify or dcienriirie gen^c relatiorishq)s. This method 
can also be used for prenatal diagnosis such as amniotic fluid and chorionic villus 

20 sampling. Piezoelectric force sendng can also be used to sequence patient 
genomes for tiie detection of genetic defects. Diseases that may be detected 
include thalassemia and sickle cell anemia, hemophilia, Lesch-Nyhan syndrome, 
pheaylketormria, familial hypercholesterolemia, Huntington's disease, certain 
mental disorders, pseudohypoparathyroidism and some forms of cancers. These 

25 and other detectable disorders may have a single or small mimber of unique 
mutations or groups of mutations such as abnormal numbers of repeated 
sequences. The list of disorders which can be diagnosed by biopolymer 
sequencing increases with the increase in understanding of the genetic basis of 
many diiwases increases. 
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Anodicr embodimeat of the ioventioa is directed to the profiling 
of taiget by an analysis of thdr subunits. Tai^gets such as polypqjtides, 
pcriynucleotides, and polysaccharides* for example, may be hydrolyzed to their 
component monomer subunits. This mixture of subunits may be attached to a 
S PFSA die and the relative percentages of each subunit may be profiled and 
biopolymer fingerprints obtained. Because biopolymers may be very 
heteix^geoeous, a subunit {HOfUe can be very informative. Fbr example, 
ribonudease tryptophan, fibrous proteins such as fibroin and collagen lack 
several amino adds, ov^90% of the amino add reddues of elastin are nonpolar, 
10 lysozyme, histones and cytochrome c have preckiminately basic groups, and 
pq>sin have predominatdy acidic groups. 

Other examples of specific amino acids which are characteristic 
ofdifFeiemorgarusmsmaybefoundinstandanllnoche^^ CRC 
Pmcdcal Handbook o/Biodiemistry and Molecular Biology, Fasman ed., CRC 
15 Press, Boca Raton, FL, 1990). Nucldc adds of pathogens such as viruses and 
bacteria have GC omtcnt between 0.7 to 0.3 while the GC content ^ 
generally less than 0.4. Suitable compounds for hydrolysis of protdn mclude 
hydrochloric add and sodium hydronle while suitable razymes for hydrolysis 
of nucldc add inctade DNase and RNase. After hydrolysis, tiie reaction is 
20 noitxalized and contacted to the piezoelectric force senang elemrat to attach 
uKfividual amipo adds, mideotide ot sanraharTdfS to each cantilever. TheprofUe 
of the individual conqxments can then be d^rmined under an electric or 
magnetic fidd with the coiQugated piezoelectric dement. 

Another embodiment of the invention is directed to a m^od to 
25 rajwdly read a DNA sequence which has been added to another material, DNA 
molecules are chemically and mvironmentally stable and can be routindy 
detected at the single molecule levd by the use of srasitive amplification 
techruques such as PCR. While PGR is rapid, h can only drtect the length and 
not the sequence of a DKAlabd. Utilizing piezoelectric force seosmg, q)ecific 
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DNA sequences can be used as an additive to provide a unique identifier for 
almost any mat^ial. For example, a 40 basepsdr DNA label can encode 40 
messages based on length or 10^ messages based on a sequence. Piezoelectric 
force sensing DNA sequencing can overcome the cunrat sequendAg cost and 
5 speed limitations and make DNA labeling by sequence an economically viable 
technology. DNA labeling and piezoelectric force sensing detection may be 
implemented by using an oligonucleotide synthesizer to produce a DNA btodk. 
This label could be added to a substance such as cnide oil. To deteraune the 
origin of oil from a qiill or from the hold of a shq>, the nucleic add can be 
10 extracted by chain amplification techniques and sequenced. The sequence can 
be compared with a database of known DNA labels to detennine the origins of 
the oil sample. 

Materials which can be identified may be solids, liquids, gasses, 
semi-solids and comUnations thereof. Such materials include bodies of water, 

IS soils, purified or semi-puzified chemicaLs sudi as oil or other p^roleum products, 
paints, powders, pap^or other wood inoducts and any manufactured or purified 
matmal. Specific DNA additives may also be used to trace the diffuw>n or 
origin of sensitive or controlled materials. Such small quantities would be 
needed that it would tie virtually und^ectable on the material being identified. 

20 Further, as nudetc adds are fairiy ubiquitous, an individual would be unable to 
detomine if the spodBc sequMce detected was the identifier or just nucleic add 
sequences of tbc nonnal flora microorganisms. One would have to know where 
to look and exactly what sequence to look for. Specific DNA sequences could 
be added to paper, to militaiy hardware, preferably in the form of lubricating 

25 grease or di, or simply on the hardware itself, to computer parts such as chips, 
to imported or exported goods or even to foods. Both natural and synthetic DNA 
is generally safe and non-toxic and can even be consumed. Thus, the sequrace 
and even the presence and location of the idoitified sequence on the object can 
be confidentiai. 
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Btopolymers which can be sequenced include tuopolymeis 
important in commeice or defense. For defense purposes, a PFSA die may be 
used to sequence sanq>les from biological faicilities to ensure compliance with 
treaties relating to biotechnology. Samples of air, soU and water may be 
5 coUected and analyzed during routine inspection. The sequencing of the 
complete genome or proteins of tfiese organisms may aUow their genetic 
manipulatiott to mhance their desirable genetic cpialities. 

Anoth^ embodunent of the invention is directed to the 
measurement of targets in a PFSA die under both an electric and a magnetic 
10 field. pFSAmaybeusedinassaysinwhidi one target is labeled with a charge 
while a second target is labded with magnetism. Both targets may be attached 
to the PFSA die together and the nwaairemcm for the charge or the magnrt^ 
may be made individually or rimuhaneously. This m«hod allows the use of the 
PFSA die for two measurements befons h is nxjycled and hence can double ^ 
15 througlqwt of the system. Furthermore, assays for two different targets may be 
madeatonce. For example, a DNA sequence may be labeled with a chari^ 
attached to the PFSA die. A DNA Wnding proton may be labeled magnedcally 
and appUed to the attached DKA. Where the protein attached, the PFSA die 
senses both a charge and a magnetism. DNA which do not bind protein are 
20 charged, but not magnedzed. An array of DNA wfth different sequences may 
be attached to a PFS A die and the attachmem of a magneticaUy bbelcd protcm 

quickly determines the sequence spedfidty of the protein. 

The magnetic fidd and the dectric field may be ^lied to the 
attached target in two orthogonal directions. The distortion of the cantilever 
25 measured indicates the arnount of electrical charge and magnetism of the target 
simultaneously. The two force fields need not be completely orthogonal, any 
interference of the two force fields on each other may be subtracted 
mathematically. 
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Another embodiinent of the invention is directed to measurement 
of fotce without ttie use of piezoelectricity. Cantilevers may be micromachined 
into a die uang materials which would be elastic under measuremmt condition. 
Most materials, made suffidently small and thin may become elastic under 
S measurement conditions. Targets labded by charge or magnetism may be 
aftachfid to the non-friezodectric cantilevers usiqg the same method of attachment 
as with the FFSA dies. The non-piezodectric cantiiever is eqoqsped with 
capacitive sensing plates to measure the ddlecttons generated by the qiplied 
magnerir or dectric field. The relationshq> between deflection, charge, 
10 magnetism or am)lied force can be calculated by tiie known physical parameter 
of the materials inv<rfved. Alternatively, a series of targets of known chaxge, 
magnetism, and size may be ailBrhryl and measured to determine the re^xmse of 
tliedie. As with the FFSA dies, a series of refeietice candlevers without taiget 
attached can be used as internal standards to reduce the effects of noise and to 
IS monitor the consistency of the ai^lied fields. 

Another raibodimem of the invention is directed to methods for 
measuring taiget mass by analysis of resonance frequency. A target attached to 
a material alters ttie resonance frequency of that material, such as a piezoelectric 
Uomoiph, at all modes of vibration. As the ratio between the first and second 
20 mode of vibration ct harmonic is fixed, measurement of the first harmonic serves 
as a reference for the second. Taiga mass b measured by exciting an dement 
attached to a target to create a frequency response, determining a resonant 
frequency from the frequency response, and calculating target mass from the 
resonant frequracy by conqsaring resonance frequencies with a corresponding 
25 unattadted element or by analyzing the frequency response itsdf . This method 
is independent of temperature, calibration and fabrication quality or measuring 
technique. 

A fiequency reqxMise is a measure of the effectiveness with which 
an elonent, transmits the different frequractes of periodic force q^lied to it. 
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Tbe excitation foxce applied is not limited to mechanical force but may be any 
force to which the element responds. For example, if the element has 
piezoelectric pioperties, the uppUsd force may be an electric current or voltage. 
If the element is paramagnetic, diamagn^c or ferromagnetic, the applied forced 
5 may be a magnetic fidd. Furthermore, the element may be driven by pressure 
waves such as sound. A combination of driving forces may be used to measure 

the frequency response. 

Tbe excitation fMce, once ipplied, w^ 
demenL A number of physical parameters may oscillate in re^xmse to ttie force 
10 including position, displacement, swing, pressure, strain, current, voltage, 
resistance, admittance, impedance, and capacitance. When the excitation force 
reaches the namral resonance frequency of the elemem or its harmonics, tte 
response may become bige relative to the re^KMise at non-resonant frequencies . 
Dependiog on tbe physical attrSxite monitored, a large response may be reflected 
15 in a sudden increase or decrease of a physical variable. For example, 
displacement, swings, or admittance may increase and nnpedance may decrease. 

Resonance finequeocies are inherrait pn^iwties of the physical , as 
known to those of oidinary skill, are unique characteristic of every element. 
Elements may possess multqile resonance frequencies, namely the fundamental 
20 resonance frequency and its harmomcs. One physical charactmstic that affects 
theresMancefrequcncy is the mass of the clement. Thus, the attachmait of a 
target to an donem will alter bodi tibe mass, tbe fundamemal resonance 
frequency and its harmonics. By measuring and comparing the frequency of an 
dement with and without an attadied target, the amount of change in ftcquency 
25 may be recorded. The magnitude of the change in resonance frequency is 
mathematically rdated to the mass and thus may be directly calculated. 
Furthermore the ratio of frequencies of any two harmonic frequencies of an 
element also varies with the attached targets is also mathematical related to the 
mass of tbe target. Thus, tbe mass may also be deduced from any two harmonic 
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rescmaixs fiequeoctes of tfie The two hannonic frequencies may be any 

two such as first and third, first and seccmd, second and thiid, but some are 
easier to measure because of their speed. 

Ail elemrats have a degree of elasticity and possess lesonance 
5 fiequeticies. Preferably, the element is a solid because solids are compiessable. 
As such, solids may act as oscillators when hamiomcally driven to resonate. The 
more us^l oscilladng solids possess low darniring coefficients for ease of 
oscillation. Oscillating solids may be coaqnised of a varkty of materials 
indudh^ ceramics, glass, polymers (e.^. plastics, resins, starches, gels such as 

10 acrylamide or agarose), metals (e.g. alloys, electroplated mataiah, LIGA 
processed materials), insulators, crystals, semiconductors and combinations of 
these materials. Semiconductors are crystaliin materials whose dectrical 
cmcfaictivity is intermediate between that of a metal and that of an tnailator. A 
laige number of substances are known as semiconductors including germanium, 

IS silicon, gray (crystalliae) tin, selenium, tellurium and boron. Gennanium and 
silicon, two of the most used semiconductors, belong to groiq) IV of the periodic 
table of the elements and have crystal stmctures similar to diamond. 
Semiconductor substances of type AB coiiq)rise elements from coluoms 
symmetrically placed with respect to group IV. CXher semiconductor substances 

20 include indium antimonide (InSb), cadmiimi teUuride (CdTe) and silver iodide 
(Agl), which are examples of groups m-V, n-IV and I-VI sraiicoMhu^ing 
elements. 

Materials that exhibit piezoelectric pnqmties may be driven to 
osdllate electrically. One of the variables diat Influence the resonance frequency 
25 is the mass of the oscillator. As elements are attached to targets at their surface, 
the mass of the element is increased by the mass of the attached target. A PFS A 
die, for example, may have a plurality of piezoelectric elements each of which 
is individually addressable with a multiplexer for coimection to matched 
oscillator circuits with a refoence piezoelectric element. Tlie reference 
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inezoelectric element can be identical to the measuretnent piezoelectric dement 
except for the absence of an attached taiget. Both the reference and the 
measurement element are uiduoed to oscillate at resonant frequency 
dectionically. The resonant frequency of each of the piezoelectric elements are 

S electionically compared to derive the mass of the attached taig^. 

Solids may be exdted to vSirate and to resonate by the application 
of an oscillating fbree. In a solid comprising cme or ixiore ptezodectric elements, 
ttie driving force may be an oscillating voltage applied to the one or more 
inezoelectric elemems. The osdllating vohage is prefimbly a sinusoidal wave 

10 but other fonn of cyclic wave functions such as sawtooth waves, step waves, 
may also be used. The driving wave may be generated by analog circuits, by 
diptally contix^led osdllatois or by a programmable digital-to-analog converter. 
Resonance frequency may be the fundamental ftequency of the solid or from 
higher order harmonics (second, tturd, fourth and higher harmonics) of the 

15 fundamental frequeiK;y. 

A cantilever con^irising one « more inezioelectric dements always 
has some d^ree of dastkity and, oonsequendy, a natural spectnim of vibrational 

modes. CantUevers whh differwit etaitidties in two axes, may resonate at a 
different frequoicy depending on whether the transvCTse displacement is along 

20 the more rigid or the more flexible axis. A cantUevcr with a flat shqw and 
dragatcd cross section may be expected to have this bdiavior. The characteristic 
vitoaticHis of a piezodectric caitflevCT subjected to an oscillating driving force 
may be driven independeody in multiple modes includmg compression, bending 
and shearing. BadimoderfvihratkmmaycxistntdependenUy of each other and 

25 have its own fimdamcntal rcsonam frequency and hannom The driving force 
may be changed to sdectivdy activate one mode of vibration. If desired, each 
mode may be driven independenUy or together. Furthennore. the ctoice of 
dements may affect the amount of coupling between the modes. 
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For exsttsplc^ to drive the cantilever into a second order harmonic 
vibration, a cantilev^ may comprise two discrete subunits connected to the 
electrical driving force in opposite polarity. When vohage is allied, one part 
of the cantilever will be displaced in one direction while another part will be 
S diylaoed in the opposite direction. Where the osdllating piezoelectric element 
is a bimorph made from two piezodectric strq>s joined over their entire length, 
the resonance freqimcy of a bimoiph is precisely determined by the equation: 

1+cosQLcoshQL = 0 {equation 5} 

In this system, the first resonance occurs at QL ^ 1.87504, the 
second at QL = 4.6941, the third at QL « 7.8547. A typical prop^ of these 

10 resonance frequencies is that they can be measured with great accuracy. 

When a mass is attached to the bimoxiA, it altm the resonance 
frequency of all the modes of vibration in a predictable manner. From this 
change in frequency, the mass can be calculated from equations 5 and 6 using 
basic trigonometry and calculus. In a measurement, an alt^nating current 

15 iqyplied to the element over a range of frequ^ides range and the admittance of 
the piezoelectric material ov^ this frequency range is recorded. At the 
fundamental resonance frequency (also referred to as the first harmonic), a peak 
of increased admittance (1/impedance) or decreased fanpedance (1 /admittance), 
may be detected. Other peaks may be d^ected as die alternating current 

20 qiproacfaes higlia' faaiinooics frequencies. In diis manner the first, second, third, 
fourth, fifth and higho' harmonics of a piezodectric material may be d^ermined 
and recorded. The frequeocy of the altonating current at these peaks of 
admittance will cone^x>od directly to the resonance frequencies of the 
piezoelectric element. 

25 While a mass msy be attached at any location on the bimorph, in 

some applications the alteration of resonance is more effective if the mass is 
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attacbedtotbeendofainezoelectxkel^ Opdmal placement of the attached 
mass depends on the hannonic frequency and the desired sensitivity and range. 
In a first harmonic vibration, the mass may be placed at the end for greater 
accuracy or in the middle or near the supported end for increased range. In a 
5 second harmonic vibration, the mass may be placed closer to a node for 
inaximum laiige or closer loan aiitinode for inaximum sensitivity. Tims, oneor 
more masses may be attad^ or placed at any longitudinal and ladtudinal 
postion(s) aloqg the cantilever or at either end of the cantiievu' vibcatifig m tfie 
secnd haimodc. By the same reasorung, o«or mcwe masses may be attadied 
10 orplaced at any longitudinal or latitudinal position(s) along the cantilever or at 
dither eodctf the cantilever vilHatiQg in the third harmonic This analyds can be 
continued to a fourth, fiftti and higher haimcMiic ftoqucocy, as dedred. 

The addition of mass changes the resonance frequency, but does 
notaftotheaccuiacy of resonance frequency drtcrmination. The rdatiooshq> 
15 between the aheied resonance frequency and the mass may be deduced from 
analytical calculations or experimentation. This relationship allows the 
determination of the resonant frequency from which the mass may be derived 
with great accuracy. As shown by equation 5, the first and second hannonic 
both change due to the mass, but change in a diffeent fashion, whidi makes 
20 their ratio a unique identifier for the mass. Tbe resonant frequency taking into 
account of higher order harmonics is detennmed by the equaticm: 

1+ cosQLcoshQL+ McosQLdnhQL.slnaLcosliQL) « 0 

(equation tf) 

in wMdi M is the reduced mass, m/pA, wherem is the mass to be measure and 
p4 is the mass of an mfinitesimally thin cross section of the bimorph. 
Piezoelectric elements may be driven to their to 
25 ahaing thdr driving frequency or by altering die number of oscill^ Because 
this is a lii^ar system, a bimorph made by using piezoelectric thin films on 
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silioon substrates can be ocmibiiied with two on board oscillators which may drive 
the bimoiphs in both resonance modes simultaneously. Similariy, these 
bimoiphs may be driven to the thud, fourth or higher level haimonics by 
increasing the driving frequency or by attaching more on board oscillators. 
S This analysis is paitk»]ariy amenable to piezoelectric appUcatio^ 

For example, piesoelectiic dements to be used fcM* specific harmonic applications 
can be inexpensively produced and easily manufactured in mass <piantities. 
FFSAs comfffising resonating elements may be used for militaxy , ravironmental, 
industrial and biomedica] applications. As such, PFSAs comprising resonating 

10 elements may also be used to measure the presmce of targ^ elements such as 
gases, toxic chemicals, pollutants, industrial by products, mass of ceils. In this 
capacity, a chemical which reacts with a target elonent may be att^nh^ to the 
end of a piezoelectric bimorpb. When the bimorph is opose to the particular 
target element, the chemical will react. The mass and ultimately the resonance 

IS frequency of the piezoelectric dement is altered. Targ^ elements may be any 
measurable diemical such as COj, CO, Hj. NO containing compounds, 
ammonia, metal fumes, lead, combusdon gasses from diesel or gasoline engines, 
pollutants, industrial products and by-^iroducts, and chemical warfare agents. 
Any chemical which reacts with the target element may be attac he d to the end of 

20 the piezoelectric element. Any reaction which alters the mass of the attached 
chemical may be used including, for example, absorption, hydrolysis, oxidation 
and reduction. Such methods and devices could be used to measure indoor or 
outdoor air quality, ccmibusdon effickncy and the presence or absetice of certain 
chemicals. 

25 PFSAs can also be easily utilized to measure the mass of an 

attached targ^. Target mass is determined by a comparison of the resonance 
frequencies of a caitfilever before and after attadmient to a tar^ Ahemativdy, 
the resonant frequoicies of two cantilevers, one attached to a targ^ and one 
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unattadied, may be measured in parallel to d^ennine taig^ mass. In a PFSA 
die, mult^le measuremeots of mass may be perfoimed in parallel. 

The mass of a taig^ can also be detennined by measuring the 
resonant frequencies of multiple harmonics of a piezoelectric oscillator. For 
S example, taig^ is attached to a piezodectric element and the first and the second 
hannonic resonance frequencies measured. As the ratio between the first and the 
second harmonic is fixed by the mathematical expression relating these altered 
fiequencies, Ae measurement of the first hannonic serves as the reference for the 
second harmonic. Other harmonics (e.g. third, fourth, etc.) may also be 
10 compared to determine mass. Tbc ratio of the first and second harmonic 
frequency beccHne die variable that detennmes die mass. One advantage of this 
method is that changes in temperature will affect both the first and the second 
harmonic such that the ratio will ranain the same. This method is temperamrc 
iiidependemaxidiiocalibnakmofthebinxn^ The actual accuracy 

15 with which the bimorph is fabricated is immaterial as only the ratio between 
difference harmonic is of mqwrtance. Tlie indep«»dence of this method with 
regards to temperature, cafibration and fabrication quality is a significant 
advantage in its mamifacture, in use and in maintenance. Also, the method is 
gravity independent and, thus, PFSA devices will operate in environments of 
20 chan^ acoeleiadon and g-force. These environment include moving vehicles 
such as cars, sh^, planes, low and zero gravity environments such as q>ace 
vehicles, and sensitive electronic instruments. 

The following cxp CT imen ts are offered to illustrate embodiments 
of the invention and should not be viewed as limiting the scope of the invCTtion. 

25 

Rxamples 

Example 1 fimr"^" rjp^t^ f^pf nf Wntinylatftri OlimnnrJfiftfides . 

A nested set of biotinyiated oligonucleotides is generated by 
pcdymerase chain reaction elongation. A test oligonucleotide containing a target 
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sequence lo be axmlyzed is used as a template. A primer oligonucleotide is also 
lequifed in addition to the taigrt sequwice because DNA polymerases typicaUy 
cannot initiate new chain growA, but require a primer with a 3' OH gioiq). A 
second (riigonuckotide, biotinylated at the 5' tenninus and containing a sequence 
5 complementaiy to 6 nucleotide at the 3* tenninus of the test oligonucleotide, is 
used as a sequencing primer. 

The {mmo- oligonucleotide is dissolved at a concentration of 0.3 
pmole/Ml in 10 mM Tris-HCl, pH 7.4, 5 mM NaQ, 0.1 mM EDTA. pH 8.0. 
T^ttget rfigo nucleotides are dissohred at a a)Ocentration of 0.5 mg/^ 
10 TYis-HQ, pH 7,4, and 0.1 mM EDTA. Forty ^1 of die primer sohition is mixed 
with8Ml<rfl>^^so*«t*™to*™*^I™*^ Annealing is accomplished 

by incubating tiie mixture at 55*C for 30 minutes and allowing the mixture to 
cool to 15*C in 30 minutes. Hie mbcture is divided into 4 tubes, each with a 
respective chain terminating nudeotide (ddlTP. ddCTP, ddGTP or ddATP). 
15 ndeoxy chain termimtfion reactions are initiated by the addition of 2.5 /a1 of the 
appropriate ddNTP solution, 7.5 ftl of the dNTP solution and 6 units of DNA 
polymerase Klenow fragmmt to each of the four tubes. Afto- 12 minutes of 
incubation at 37'C, the reaction is teminated with the addition of 5 fil of 250 
mM EDTA, pH 8. 

20 

Example 2 ^n^nhmmi r^ru\trpn}ytntm tn thfi Forrfs Sftnsinp Array . 

Fragment products of the individual dideoxy chain t^mination 
reactions from Example 1 are contacted directiy to a PFSA die and each PFS A 
die is connected with a computer. Individual elements of the array are 
25 individually addressed by the computer through a multiplexer. The beam to 
gioundspacingof each cantilever of tiie array is tested individuaUy. A voltage 
is ^lied to the piezoelectric element and the beam to ground spacing for each 
cantilever is tested again. The location of any dements which foiled the test by 
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not responding to the applied voltage are noted and the output from these failed 
element are not considered in future calculations. 

A single tti^rtavidin molecule attached to each cantilever. Tbe 
individual dideoxy chain elongation products are contacted to the FFSA die to 
S allow the biotin to attadi to the strqytavidin. The die with the attached nested 
DNA laddCT is washed with 10 mM Tris-HCl, pH 7.2, 1 mM EDTA. 

Exam]^3 Sfqitfinr i ng nf AttarJifld Rinpnlyniers , 

Each PFSA die with the attached biopoiymer is placed in a 

10 chamber without an dectric field. Beam to ground qjadng is measured for each 
cantilever through the cq>adtive sensing plates as imfividual elments of the 
PFSA are addressed indiviAially through the raultq>lcxcr. A voltage is applied 
to each cantilevCT until the deflectkm of ttepieaodectric cantilever is rti^^ 
This position is reached when the csqwcitive sensing plates shows the same 

15 reading as the initial measurement in the absence of the electric field. The 
voltage required to restore the position of each cantilever are recorded and stored 
in ttie conqiuter. 

Example 4 Data Analysis. 

20 Data genuated from the sequencing reactions of Example 3 is 

collected in woik station 102. Bioprtymer lengths are calculated according to 
equation 4. Tlic sequence of the taigct is identified because the biopoiymer 
sequence work station 102 also has iiqxit indicating from which of the nuxtures 
the kngdidetcnninalions were dCTivod. By looking for tbe shortest Imgth, wofk 

25 statkm 102 identifies the kngtfa from ttieddAlPmbctu^ thus indicating that the 
fim base in the complement sequence, Tliis procedure is foUowed until tbe 
sequence is detennined. The complete sequence is determined and can be 
uiverted, con^lemented and added to the primer sequence to derive the taiget 
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sequence. The last base of the biopolymer can be detennined, if necessary, by 
sequracing opposing strands and overlapping regions. 

Example 5 Sflqnfsnning nf a Pftlyprprtdft. 
S A target polypeptide is dige^ sqiaratdy with trypsin and 

chymotiypsin and the resulting digestion products separated by thin layer 
chromatography. Peptide fragments are resuspeoded in SO mM NBUHCOOH, 
pH 7,8S, in the absence of calcium and magnesium. A column coai(msing 
immobilized trypan and a column comprising immobilized chymotrypdn are 

10 prepared for use by washing with 20 column volume of 50 mM NH4HCOOH, 
pH 7. The target sequence is q)plied ova- each column and incubated for 1 hour 
at ST'^C. IMgested pqitides are recovered from the immobilized enzyme by 
draining the column solution. 

Pq>tide fragments are separated and isolated witfi a C18 high 

15 performance liquid diromatQgraphy column (Millipore; Bedford, MA) using a 
gradient of aqueous trifluoioaoetic add in methanol (Aldrich Chem. ; Milwaukee, 
WI). Fragments are placed in 6 N hydrochloric acid at 100**C for 10 hours to 
reduce p^nide fragments to amino acids. The resulting amino acid s(riution is 
neutralized widi 1 M HEFES buffer until the pH is 7.5. Following hydrolysis, 

20 amino acids are conjugated to biotin to facilitate conjugation to the FFSA. 
Biotinylation is started by the addition of a 10 molar excess of NHS-Biotin 
dissolved in dimethyl sulfoxide to the hydrolyzed pqrtide for 10 miimtes at room 
temperature. Kotinylated amino acids are lay«ed onto a strq)tavidin PFSA. 
The measuremot provi(tes an amino add profile. 

25 The ratio of the oligopeptide iitdicates the length of the 

oligopeptide or multiples of the oligc^ieptide. Trypsin cleaves at the carboxyl 
side of lysine and arginine and, thus, the trypsin digest shows the amino adds 
contiguous with Lys at the carboxyl terminus. Chymotrypsin cleaves 
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pirferondaUy <m thecaiboxyl ade of aiomatic and other bulky nonpolar residues. 
The Older of pqjtide is detennined from an analysis of the tiypdc fragments. 

Other embodiments and uses of the invention will be apparent to 
those skilled in the ait from ccmsid^ration of the specification and practice of the 
5 invention disdosed h^Bin. The specification and examples should be considered 
exem{^aiy only with the tnie scc^ and spmt of the inventioo indicated by the 
following claims. 
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5 



1. 



b) 
c) 
d) 



a) 



A 



c) 



method for detennining stnictuie of a tai:get comprising the steps of: 
attadiing the taig^ or fragments of said target to a piezodectric 
element; 

applying a force fleid to said target; 

detecting a deflection of said piezoelectric denmit; 

applying a voltage to the piezoelectric elraiCTt to neutralize said 

deflection; and 

determining the structure of said target. 



10 2. The method of claim 1 wherein the target is a biopoiymer. 

3. The method of claim 2 wherein the biopolymer is a polynucleotide, 
polypeptide or polysaccharide. 

4. The method of claim 3 wherein the polynucleotide is DNA, RNA or 
PNA, 

15 S. The method of claim 1 wherein the target or target fragments are 
modified. 

6. The method of claim S wherein the target or target fragments are 
modified by phosphorylation, methylation, glycosylation or a combination 
thereof. 

20 7. The method of claim 1 wherein the target or target fragments are 
polymers between about 10 to about 100 monomers in length. 
8. The method of claim 1 further comprising the stq> of fragmmting the 
target wherein each fragment comprises a sequence that correqx>nds to a 
sequence of said target. 

25 9. The method of claim 8 whernn the target fragments comprise a nested 
set. 

10. The method of claim 8 wherein the target fra gm ent s are generated by 
physical or enzymatic cleavage of said target. 



wo 97/16699 



PCT/US96/14462 



45 

1 1 . The method of clann 10 wherdn enzymatic cleavage comprises subjecting 
said taiget to an enzyme selected from the gnnqi consisting of nucleases, 
polymerases, glycosidase and pqrtidases. 

12. The method of claim 8 wherein the taiget ftagmoits are between about 
5 10 to about 100 monomers in length. 

13. The nwthod of clann 1 whoidn the taiget or taiget fragments are attached 
to the piezodectric element via coupling agents. 

14. Tte method of claim 13 wheidn the coqdiQg agents aie selected from the 
gtoixp consisting of avidin, streptavidin, Imtin, cell adheuon molecules, 

10 antibodies, vitamers, nucleic acids, antigens and combinations thereof. 

15. The method of claim 1 wherdn the taiget or taiget fiagnients arc attached 
to biotin and the piezoelectric element is attached to streptavidin. 

16. The method of claim 1 wherein the force fidd is magnetic, electric or a 
combination tbofeof . 

15 17. The combination force field of claim 16 wherein the magnetic and the 
electric fields are zpphod at different directions. 

18. The mediod of claim 1 wherein the strength of the force field is 
adjustable. 

19. The method of claim 1 wherdn the direction of the force field is 
20 adjustable. 

20. The mediod of daim 1 wheiein tiie |riezoelectric elemrat is selected from 
the group consisting of ceramics, crystals, plastics and combination thereof. 

21. The method of claim 1 wherdn the piezoelectric element comprises a 
semiconductor. 

25 22. The m^hod of claim 1 wherdn the piezoelectric element is a bimoiph. 

23. The mediod of claim 22 wherein tte bimoiph comprises silicon and zinc 
oxide. 

24. The mediod of daim 1 wherdn the stnicture determined is the sequence, 
size, composition, charge or mass of the targ^. 
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25. A method for sequeocing a taiget comprising the steps of: 

a) attaching the taiget or fragments of said taigec to a piezoelectric 
element; 

b) i^plyiQg & force fidd to the target or taiget fragments to pnxhice 
S a deflection of said piezoelectric element; 

c) detecting a voltage from said piezoelectric elemem caused by the 
deflectioo; and 

d) detennining the seq ue ooc of said taig^. 

26. The method of claim 25 further compri^ng the step of fr a gmenti ng the 
10 taiget and attaching the fragments to multiple piezoelectric elements. 

27. The method of claim 25 wherdn the taiget fragments are about the same 
toigth. 

28. A method for detennining charge or magnetism of a taiget comprising the 
steps of: 

15 a) fltfariitng fbe target or fragments of said targets to a piezoelectric 

element; 

b) s^lying a force Held to the piezoelectric element; 

c) detecting a deflection of the piezoelectric element; 

d) ai^lying a voltage to the delected piezodectm: element to 
20 neutralize said deflection; and 

e) deleniuiuiig the charge or the magnetism of tfie target. 

29. A metiiod for determining a mass of a target biqpolymer comprising the 
aepsof: 

a) attaching the targ^ biopolymer or fragments of said target 
25 biopolymer to a piezoelectric element; 

b) applying a force to said piezoelectric donent; 

c) detecting a d^lecti<m of said piezoelectric element; and 

d) determining the mass of said target biopolymer. 
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30. The method of claim 29 wherein the target bi<^lymcr is selected from 
the giwp consitfing of proteins, nucldc acid, polysaccharides and lipids. 

31. The mediod of daim 29 wherein the target biopolymer is attached to tte 
piezoelectric element by covalent or noncovaleot inteiactions. 

5 32. The method of claim 29 where'm the force s^lied is mechanical, 
electrical, magn^ cwpressure. 

3 3 . Hie method of chdm 29 wbeiein the defection is detected by a change in 
the cooductanoe of the piezoielectric element 

34. A m^bod for determining a mass of a molecular or macrooKdecular 
10 target comprising the steps of: 

a) contacting a targ^ to an dement; 

b) exciting the element to create a frequency response; 

c) detmnimng a resonant fiequency from the frequency response; 

and 

15 c) calculating the mass of the target. 

35 . The medwd of claim 34 wherein the target is attached to the element by 
covalent or noncovalent interactions. 

36. The method of claim 34 wherein the element is piezoelectric. 

37. The method of cWm 34 wherein the dwnent is excited by flying an 
20 dectrical. mechanical, pressure or magnetic force, or a combination thereof, to 

the dement. 

38. Tliemeftod of claim 34 wherein the ftequency response is a measure of 
admittance, capacitance, osdHation amplitude, oscillation frequency, 
displacement, pressure, strain or combinations thereof, of the dment. 

25 39. Ti« method of claim 34 whoein the mass is detraminedb^ 
ratio of the resonant frequencies at different modes of resonance. 
40. A piezodectric force sensing i«»ratus (PFSA) die for parallel 
d^ennination of mass, charge or magnetism of a taigrt comprising: 
a solid suppoit ; 
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a pluiality of piezoelectric elements attached to said siqspoit fonning a 
pluiality of cantilevers; 

means for individually measuring deflection stress of each of said 
cantilevers; and 

S means for aj^Iying a voltage to said plurality of cantilevers. 

41. The PFSA die of claim 40 wherein the cantilevers are arranged in one, 
two or three dimnsions. 

42. The PFSA die of daim 40 wher^n the means for measuring deflection 
is selected from the group omsisting of capacitive sensing plates, piezoelectiic 

10 elemoits or a combination thereof . 

43. Tte PFSA die of claim 40 v^ierein the m^tgtwng means detect deflection 
of the piezoelectric element in at least two dimenstoos. 

44. The PFSA die of claim 40 fuither comprising means to detect the 
cantilever in the non deflected position. 

15 45. A piezoelectric force smsing element for the d^ermination of mass and 
charge of a target coaq>risiQg: 
a solid sufqxm; 

a cantilever comprising a piezoelectric matmal; 
means for measuring stress of said piezoelectric material; and 
20 means for applying a voltage to said piezoelectric material. 

46. A piezoelectric force sensing array for the determination of mass and 
chaige of a target comprising: 

a solid support; 

a plurality of cantilevers comprising a piezoelectric material; 
25 means for measuring the deflection of each said plurality of cantilevers; 

and 

means for applying a voltage to said plurality of cantilever. 

47. A piezoelectric force sensing q^Kuatus (PFSA) comprising: 
a computer 
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a phuality of bidiiectional niuhq>lexers each with a plurality of iiqnit and 
output pins wherein each outjwit pin is electrically connected to said computer; 

a phuality of cantilevers comprising a piezoelectric element wherein each 
of said plurality of cantilevers is electrically connected to each ii^Hit pin of the 
5 muttqilexer; 

means for generating a force field; 

means for measuring the d^ection of each said phirality of piczoelecCric 
cantilevers; aad 

means for qsplying a voltage to said plurality of piezoelectric cantilever. 
10 48, ThePFSAof claim 47 wherein the computer is one or more mainframe 
computers, computer work stations, microprocessors or dedicated computer 
hardware. 

49. The PPSA of claim 47 wherein the force field is a electric field, a 
magnetic field or a combination thereof. 
15 50. The PFSA of claim 47 wherein the means for measuring stress comprise 
capacitive sensing plates, piezoelectric elemaits or a combination thweof. 
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